The millimeter-wave rotational spectrum of the free 2'?SiC radical in the X 311 ground state, produced in a low-pressure glow discharge through SiH, and CO, was detected with the same reactive-molecule spectrometer used earlier to detect Sic and Si13C. Eleven rotational transitions, all but two with resolved hyperfine structure, were measured between 195 GHz (J = 4+ 5) and 372 GHz (J = 8 --+ 9). Well-resolved hyperfine splittings in the three finestructure ladders allow determination of the magnetic hyperfine constants to 2% or better.
I. INTRODUCTION
The long-sought ground state of the free Sic radical was detected at millimeter wavelengths in this laboratory and in space' following detection of an excited electronic transition by Bernath et al. ' For such an elusive species, the millimeter-wave laboratory spectrum was suprisingly intense, allowing the subsequent detection of rotational transitions of Sic in the first vibrationally excited state and Si13C in the vibrational ground state.3 This paper presents an analysis and discussion of the hyperflne constants of the two stable isotopes of Sic with nuclear spin: 2gSiC detected in natural abundance and, in an expansion of our earlier brief report, Si13C.
The spectroscopic properties of the Sic radical have frequently been compared to isovalent C!, and Si, -all contain eight valence electrons but each has a different electronic ground state ( 311, 'B + , and 3X -, respectively) . Curtis and Sarre4 measured the hypertine constants of 13C2 by observing the sub-Doppler electronic spectra of the Swan system (d 3111, -+a 311, ) . The Si, radical in its X-38 -state was detected in an argon matrix by electron-spin resonance (ESR) spectroscopy, but, owing to the large zero-field splitting, Van Zee et a1.5 were only able to determine one hyperfine constant. To date, although many ab initio calculations for Sic have been performed (see Ref. 2, references therein; and Ref. 6) ) no calculation of the hyperfine constants of Sic has been reported. Recent ab initio calculations of the hyperfine constants of *'OH,' a simpler molecule, may point the way for systems with more electrons, such as Si13C and 2gSiC.
II. EXPERIMENTAL TECHNIQUES
A schematic diagram of the millimeter-wave spectrometer used to measure rotational transitions of the isotopic species of Sic is shown in Fig. 1 . The signal sources, klystrons in the range 70-140 GHz phase locked to a high harmonic of a frequency synthesizer, are electronically tuned over a range of up to 150 MHz; efficient doublers, triplers, a1 Also at: Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138.
and quadruplers provide the radiation necessary to observe rotational transitions in the range 140 to 400 GHz. The absorption path length is doubled by a dihedral mirror, which, on reflection, rotates the plane of polarization by 90". The return beam is reflected off axis by a plane wire polarizer (transparent on the first pass) to a liquid helium-cooled InSb hot-electron bolometer at 4.2 K. A computer (Macintosh 11x) steps the frequency synthesizer (Fluke 6160 B) through the desired sweep range and displays the spectrum after baseline subtraction. Klystron modulation at 100 kHz and second harmonic detection are used to suppress l/f noise and baseline ripple, yielding line shapes approximately the second derivative of a Lorentzian. The klystron remains phase locked when the 100 kHz modulation is applied to the reference oscillator (HP 5 105A) because of the wide bandwidth of the phase-lock 10op.~ The Sic radical was produced in a dc glow discharge between hollow cylindrical stainless-steel electrodes driven by a current-regulated high-voltage supply (Spellman SR6). The temperature of the discharge cell-a glass tube 3 m in length and 15 cm in diameter-is maintained automatically within a few degrees of the desired value at any point in the range 100 to 300 K by regulating the flow of liquid nitrogen through copper tubing soldered onto a copper sheet that jackets the cell. Sic is produced at a molar concentration of about low5 at a cell temperature of 100 K, at which its lines are nearly 100 times as intense as at room temperature. For Si13C, we used SiH, and 99% 13C enriched CO; rotational transitions of 2?SiC were studied in natural abundance owing to the high cost of isotopically enriched silicon. The widths of the absorption lines are approximately 1 MHz full width at half-maximum (FWHM), largely due to pressure broadening.
Ill. RESULTS AND ANALYSIS
Sic is a good Hund's case (a) molecule to fairly high rotational levels, because its rotation constant is quite small relative to its spin-orbit constant. The microwave spectrum of its X311 ground state' is well described by the Hamiltonian of Brown and Mererg for 311 molecules. For 2gSiC and For both isotopic species, the rotational spectrum could be predicted to about 20 MHz when the spectroscopic constants of Sic were scaled by the reduced mass. We searched for the hyperfme doublets where the rotational transitions are strongest, in the 3112 ladder, the lowest owing to the negative spin-orbit constant, and where, in addition, lambda doubling is not resolved. The doublets were readily found in that ladder and subsequently in the other two. Although in Hund's case (a) hyperfine structure (hfs) is absent in the 3110 ladder, spin uncoupling was large enough in the transitions observed to allow detection of well-resolved structure. Because hfs collapses rapidly with increasing J in the 311, and 3112 ladders, it is desirable to measure hyperfine splittings in both ladders at low frequencies. Owing to the general decrease of line strength with decrease in frequency, the lowest frequency transitions observed were at 150 GHz in Si13C and 195 GHz in 2gSiC. In both Si13C and *'Sic, hyperfine splittings in the low frequency transitions were at least five times greater than the pressure broadened linewidth, allowing accurate determination of the hyperfine constants. In the transitions observed, hyperfine satellites (i.e., AF = 0 transitions) were too weak to detect. in Fig. 3 , asymmetries in the hyperfine doublets in the 311, and 3110 ladders were evident as well, allowing assignment of hyperfine quantum numbers in all three ladders. Because hypertme splittings in both lambda components in the 311, and 3110 ladders depend on d, the sign of d was used to verify assignments in those ladders. In 2gSiC, d is predicted to be negative because it depends on the product of the electronic average ( sin28 /?) and g,, which in "Si is negative. In only two known cases is the electronic average negative: CuF, where an excited electronic state is heavily perturbed by nearby electronic states, I2 and BO,, where the unpaired electron is localized on the oxygen atoms and for the boron nucleus the contribution to d from the unpaired electron is small relative to polarization of the inner shell (due to exchange correlation). l3 In contrast, in the X311 state of Sic, no perturbation is indicated, and the unpaired electron in the 'Reference 14, but Fassigned from our hyperfme constants.
between 149 (J= 3+4) and 268 GHz (J= 6+7). Eleven had resolvable hypertlne splittings, ranging from about 2 MHz for the J = 4+ 5 transition in the 3110 ladder to about 30 MHz for the J = 3 -+4 3112 transition. Assignments of the hyperfme transitions depended critically on the slight ( 15%-30%) asymmetry in the intensities of eight doublets, four in the 3110 ladder and two each in the 3111 and 311Z ladders (for sample spectra, see Fig. 2 ). For 2gSiC, measurements of rotational transitions below 195 GHz were not feasible owing to the weak lines of this species in natural abundance (4% ). Eleven transitions, all but two with resolved hfs, were observed between 195 GHz (J=4+5)and372GHz(J=8-+9).IntheJ=8-+9tran-sition of the 3112 ladder, an intensity ratio of 1.17 k 0.17 (i.e., different by 2 (T from the alternate assignment) was determined from a series of long integrations, and, as shown 7r molecular orbital is not localized on either center (see Sec. IV). Also, the present assignment yields a fit to the data with an rms a factor of 10 or more lower than that of alternate assignments in both the 311, and 3110 ladders. Because in both 2gSiC and Si13C second-order hyperfine terms (i.e., off-diagonal inJ) are small, the hfs is linear in the hyperfine constants. Constants a, b,, and c were obtained from measurements of three resolved splittings in the 3112 ladder; with those values determined, d can be obtained from a doublet in either the 311, or 3110 ladders, where (unlike the 3112 ladder), the splitting depends on d. In the final analysis, a least-squares fit was made to the full set of our data, to take all the measurements into account with appropriate weights (see Table II ). As expected, inclusion of second-order hyperfine terms resulted in a negligible improvement in the fit.
Bogey et al-l4 measured rotational transitions of Si13C Frequency (MHz) above 345 GHz, where the asymmetries in intensities of the hyperfine doublets were too small to determine. Their assignment of the hyperfine components contradicts the intensity asymmetry we observed, and their hyperfine constants are quite different from ours. They find a = -140.6, b, = 38.6, c = -88.2, and d = -57 MHz. Moreover, the constants of Bogey et al. fail to predict the hyperflne splittings we observe at low frequency. For example, we measured a hyperhne splitting of 30.8 MHz for the J = 3 -+ 4 3112 transition (Table I) , while from their constants a splitting of about 7 MHz smaller is predicted. Our constants, however, accurately predict the hfs which Bogey et al. observe, as Table I shows. For 29SiC, Bogey et al. assumed that the hfs in rotational transitions measured above 372 GHz was unresolved, but, according to analysis of our data, hyperfine splittings of from 3 to 5 MHz are predicted in seven transitions they observed. Table I includes the data of Bogey et al. for 29SiC with assignments established from our constants.
IV. DISCUSSION
The hyperfine constants for SiL3C and 29SiC are sensitive to the distribution of electrons in both the aand a-molecular orbitals, owing to the 5&d7a12d (i.e., da') configuration of the valence electrons in the X311 state." From the four measured hyperfine constants for each isotopic species (Table II) , it is possible under certain assumptions to determine the electron density distribution in the rrand amolecular orbitals. Assuming no contribution from the closed shell electrons, the hyperfine constants a and d are determined mainly by the single, unpaired 7~ electron; c is sensitive both to this electron and to the gelectron; the Fermi contact term, b,, proportional to the spin density at the position of the nucleus, depends almost entirely on the cr electron.
The Fermi contact term unfortunately may contain large higher-order contributions with either a positive or negative sign. I6 For example, in the *II ground state of 170H, where the unpaired r electron in the n3 configuration has a nodal plane on the molecular axis and a vanishing b, for both 0 and H are expected, a sizable value ( -5 1 MHz) for b, (0) is actually measured, and b,(H) is negative ( -73 MHz) despite the positive nuclear magnetic moment of H." In 29SiC, although 6, is expected to be negative owing to the negative nuclear magnetic moment, in fact, it is positive. Although the sign of b, is normal in Si13C (i.e., positive), it is anomalous in 29SiC-evidence that higher order effects are important.
An estimate of the electron density in the IT molecular orbital can be obtained from the spin-orbit coupling constant. '* Representing the r orbital ( Y ?r ) as a linear combination of a 3p orbital on Si and a 2p orbital on C, q7T = %43, +&452p, and neglecting overlap of these orbitals, we find, using the one electron values of the spin-orbit constant of 146 cm-' for Si,19 and 28 cm-' for C,*O that a', = 0.47 andB ', = 0.53, i.e., the a-orbital in Sic is slightly more localized on the carbon atom than on the silicon. This estimate is in rough agreement with an ab initio estimate that two-thirds of the selectron density is on carbon.*'
The expectation value of l/is for the electron density localized in the 7r orbital on carbon and silicon can be estimated from the hypertine constant a defined as Using as andB i obtained from the spin-orbit coupling constant we find for Sic that (l/g)* is 7.98 X 1O24 cmW3 for the carbon nucleus and 18.6X 1O24 cmm3 for the silicon. Although (l/g), for the silicon nucleus differs by only 2% from the value calculated from Hartree-Fock-Slater atomic orbitals,22 the atomic value for C is 1.7 times larger than in Sic. This latter discrepancy for carbon illustrates the large uncertainties which can result if the electron density is derived from comparison of the molecular hyperfine constants with those of the free atom. Similar discrepancies were observed in *'SiO+ and A10 when spin populations derived from ab initio calculations which reproduced the measured hyperfine constants were compared with experimental electron density distributions.19
The electron density in the 0 orbital can be estimated from the spin-spin hyperfine constant c where c=3&((3cos*e-1,/13).
The contribution of the s-electron to c can be estimated using (l/g), derived from hyperfine constant a. If it is assumed that ( l/g) is the same for both the pz-and po orbitals, the fraction of the electron density in the (+ orbital localized on one center (x2 ) is then readily calculated, -5"( l/?),JJ' + $(1/3),x2 = ((3 cos* I3 -1)/13).
Since (3 cos' 8 -1) averaged over thepn and pa orbitals is -2/5 and 4/5, respectively, the fraction of electron density in theprr orbital on carbon or silicon (y') is obtained from the spin-orbit coupling constant, and ( (3 cos* 0 -1)/g) is obtained from c. It follows that the fraction of the u electron density on the carbon is 0.55. Similarly, the fraction of electron density localized on silicon is 0.45, i.e., the electron density is slightly more localized on carbon in both the (T and 7~ orbimls, in qualitative agreement with an ab initio calculation.*' If x2 for *'Si and 13C are calculated independently (i.e., the electron density in the u orbital is not normalized) the sum differs from 1.0 by only 3%, indicating that the calculation is reasonably self-consistent.
There are very few diatomic molecules in 311 states which have been studied by high resolution spectroscopy and whose hyperfine constants have been measured. In a 311 13C0, c is very small because of the near cancellation of contributions from the 5a and 27~ electrons.23 It is encouraging that c, and c, estimated by the above procedure agree to within 13% and 29%, respectively, with those calculated ab initio.24 In a 3H, (u = 1) C,, c is also small probably owing to the same effect as in a 311 13C0.4 The calculated electron density in the 0 orbital localized on the two centers in homonuclear C, (x2 = 0.22) does not sum to l-a discrepancy which might be understood if there is appreciable overlap of the u orbitals. The applicability of this procedure for estimating the cr electron density awaits further experimental and theoretical work on other 311 diatomic molecules.
Of the seven open shell diatomic Si molecules observed by high resolution spectroscopy (SiH, SiN, SiF, SiCl, Si,, Sic, and SiO+), hyperfine structure of 29Si has been completely analyzed only in Sic. Knight et al. I9 measured the isotropic and dipole-dipole interactions of SiO+ trapped in a neon matrix by ESR spectroscopy and were able to account fairly well for the measured hyperfine constants via ab initio CI calculations in which the orbitals were redefined using MCSCF or IN0 procedures. They found that the inner s shells on Si make large negative contributions to 6, ( 29Si)-the same effect which may be responsible for the anomalous sign of b, in 29SiC A better determination of the electron . density in Sic than the estimates given here will require a high level ab initio calculation of the hyperfme constants possibly at the level performed on SiO+.
